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ABSTRACT: Calcite is among the most abundant minerals
on earth and plays a central role in many environmental and
geochemical processes. Here we used amplitude modulation
atomic force microscopy (AFM) operated in a particular
regime to visualize single ions close to the (1014) surface of
calcite in solution. The results were acquired at equilibrium, in
aqueous solution containing different concentrations of NaCl,
RbCl, and CaCl,. The AFM images provide a direct and
atomic-level picture of the different cations adsorbed
preferentially at certain locations of the calcite—water interface.
Highly ordered water layers at the calcite surface prevent the
hydrated ions from directly interacting with calcite due to the

energy penalty incurred by the necessary restructuring of the ions’ solvation shells. Controlled removal of the adsorbed ions from
the interface by the AFM tip provides indications about the stability of the adsorption site. The AFM results show the familiar
“row pairing” of the carbonate oxygen atoms, with the adsorbed monovalent cations located adjacent to the most prominent
oxygen atoms. The location of adsorbed cations near the surface appears better defined for monovalent ions than for Ca*,
consistent with the idea that Ca®" ions remain further away from the surface of calcite due to their larger hydration shell. The
precise distance between the different hydrated ions and the surface of calcite is quantified using MD simulation. The preferential
adsorption sites found by MD as well as the ion residence times close to the surface support the AFM findings, with Na* ions
dwelling substantially longer and closer to the calcite surface than Ca?*. The results also bring new insights into the problem of
the Stern and electrostatic double layer at the surface of calcite, showing that parameters such as the thickness of the Stern layer

can be highly ion dependent.

1. INTRODUCTION

Calcite (CaCOs;) is among the most abundant minerals on
earth, accounting for more than 4% of the earth’s crust." This
crystalline rock plays a central role in many environmental' ™
and geochemical processes.” It is widely used in industry, with
applications in fields as diverse as paper and cement
production, nuclear waste storage, optics components, waste-
water treatment,” and oil extraction with calcareous rocks
containing more that 40% of known oil reserves, often mixed
with water and ions.° The vast majority of these processes
strongly depend on reactions occurring at the interface between
the surface of calcite and a surrounding aqueous environment.
Water molecules,”® ions,>”'® biomolecules,'’ or organic
components'> can all interact with calcite’s surface and
influence its morphology, crystalline growth, and dissolution
as well as its structural properties.">~'® Numerous theoretical
and experimental studies have explored these interfacial
processes, generally focusing on the (1014) cleavage plane of
calcite, the most stable and abundant of calcite’s facets." The
crystalline structure of bulk calcite and of the (1014) cleavage
plane is presented in Figure 1A. Calcite possesses a trigonal-
rombohedral (R32/m space group)'” with both calcium and
carbonate ions forming a rectangular lattice in the (1014) plane.
The carbonate groups are however tilted with respect to the
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plane,"” with one oxygen atom protruding above the plane and
the others lying below (Figure 1A). Furthermore, every
carbonate along the [421] direction is rotated by 180°,
resulting in a characteristic zigzag pattern along this direction
(highlighted in Figure 1A,B), often reported in atomic force
microscopy (AFM) studies.'® ™

Most experimental investigations rely on surface- or
interface-sensitive techniques such as low-energy electron
diffraction,” X-ray reflectivity,*** photoelectron spectrosco-
py,”** and AFM."*7* AFM’s ability to probe samples locally
with atomic-level resolution and in a liquid environment has
established the technique as a tool of choice to study calcite
growth and dissolution in different saline and pH environ-
ments.">'#?%?>*572% [y ity real-time AFM experiments have
explored the nucleation and kinetics of surface kinks and
steps™’ as a function of the Ca** to CO;~ concentration ratio, a
factor often used to characterize oceanic and continental waters
supersaturated with calcite.® The presence of different
background electrolytes® as well as particular ions such as
Li*, Sr**, Mg’ and Ba*" has been shown to influence the
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Figure 1. (A) Crystal structure of calcite. The atomic arrangement of
the calcium and carbonate ions is shown for the bulk crystal (right)
and the (1014) surface (left), together with the main crystallographic
directions and a possible unit cell. The zigzag patterns of the
protruding oxygen atoms of the (1014) surface are evidenced with thin
dotted lines. (B) Typical amplitude-modulation AFM image of the
(1014) surface equilibrated with ultrapure water. Both the topography
and phase image are shown. The previously reported “row
pairing”'®72%? s clearly visible in the topography with every other
row of oxygen atoms along the [421] direction appearing more
prominent. The origin of this surface reconstruction, routinely
reported in AFM studies, is still debated in the literature.'® At the
present time its real nature remains controversial, and no
reconstruction was shown in the crystal structure presented in (A).
The zigzag structure is indicated by a dotted line in both images.

progression of acute or obtuse steps, sometimes specifi-
cally.>'*?%3373¢ Organic molecules can have similar effects on
the surface of calcite,’”*® with obvious consequences for
biomineralization and oil extraction.

Most AFM studies, however, are primarily focused on the
reactions and surface dynamics occurring out of equilibrium at
calcite’s atomic step-edges. Furthermore, investigations provid-
ing an atomic-level description of both the calcite surface and
the interacting molecule or ion considered are scarce, especially
in conditions near equilibrium. Although experimentally more
challenging, this type of investigation can provide valuable
insights into slowly evolving systems such as oceanic floors and
oil reservoirs where water, ions, and organic molecules are in
contact mainly with calcite’s (1014) surface.® Away from steps,
the crystallographic alternate arrangement of calcium and
carbonate at the (1014) surface of calcite (Figure 1A) induces
strong local variations in surface charge. This charge
distribution is particularly suitable for adsorbed water molecules
that can orient with their oxygen facing the calcium and their
hydrogen atoms oriented toward the carbonates.>” As a result,
the surface is unusually hydrophilic, with several nanometers of
water even in dry environments.”” Most small charged
molecules or ions have to pay a substantial energetic penalty
to reach calcite’s surface. This penalty has an entropic origin
and represents the cost of stripping the molecule from its
hydration shell as it transverses the surface-bound water
layers.*® Experimentally, this effect makes the observation of
single ions interacting with the surface of calcite in solution
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particularly challenging, and most available results rely on
diffraction techniques.”

Here we used amplitude modulation AFM (AM-AFM)
operated in a particular regime to visualize single ions close to
the (1014) surface of calcite in solution. In this regime, the
AFM tip is oscillated within the interface formed by calcite with
the liquid, without significantly interacting with (tapping on)
the calcite surface. The aim of the approach is to probe the
whole interface by ensuring that most of the energy dissipated
by the vibrating tip occurs within the interfacial liquid. This is
achieved using oscillation amplitudes comparable to the size of
the interface (0.5—1 nm) with a relatively soft cantilever (k =
0.1-0.8 N/m) and with a ratio between imaging and free
amplitude typically larger than 0.8.*" The results were acquired
at equilibrium, in aqueous solution containing different
concentrations of NaCl, RbC], and CaCl,. The AFM images
provide a direct picture of the different ions “adsorbed”
preferentially at certain locations of the calcite—water interface.
The ions do not directly bind to the calcite surface due to water
molecules remaining in-between at all times. Controlled
removal of these hydrated ions from the interface by the
scanning AFM tip provides indications about the stability of the
adsorption site. We study Na* and Ca®" for their abundance in
oceans and rivers, and Rb* is used as a control. Our AFM
results show the familiar “row pairing” of the carbonate oxygen
atoms,'®*72%?? with the adsorbed monovalent cations located
adjacent to the more protruding oxygen atoms. The location of
adsorbed cations near the surface appears better defined for
monovalent ions than for Ca?*, the latter being easily moved by
the measuring AFM tip. This is consistent with the idea that
divalent ions remain further away from the surface of calcite
due to their larger hydration shell. The precise distance
between the different hydrated ions and the surface of calcite is
quantified using MD simulation. The preferential adsorption
sites found by MD as well as the ion residence times close to
the surface support the AFM findings, with Na" ions dwelling
substantially longer and closer to the calcite surface than Ca*".
Additionally, the results bring new insight into the problem of
the Stern and electrostatic double layer at the surface of calcite,
revealing how the thickness of Stern layer and effectively the
sphere of complexation of the ions at the surface can strongly
depend on the ionic species involved.

2. MATERIALS AND METHODS

2.1. Molecular Dynamics Simulations. From previous experi-
ments and simulations, the coordinates of the atoms were obtained
within a single unit cell in the calcite crystal with the (1014) plane
exposed. ™ A calcite crystal of 14 X 14 X 14 unit cells was
constructed with a final dimension of 105 X 64 X 40 A’ As the
molecules that make up the calcite—water system (carbonate, calcium,
water, and ions) are of a biological nature, the empirical force field
CHARMM was used in all computations,**~*® which were carried out
using the molecular dynamics code NAMD.*

After the creation of the initial calcite crystal, several short
minimization and relaxation simulations (in the NPT-ensemble)
were performed to stabilize the system. Once a stable calcite crystal
was obtained, the system was solvated on the side of the (1014) plane,
using periodic boundary conditions. Approximately 68 000 water
molecules were introduced into the system, enlarging the z-dimension
to 108 A. Besides water molecules, 100 ion pairs (either NaCl or
CaCl,) were also added to the water phase of the system, giving a
molarity of ~250 mM. For each ion pair 10 different setups were
constructed to improve statistical accuracy, each with the 100 pairs
placed at different random locations and different initial velocities.
Besides short minimization and equilibration runs, the production run
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covered S ns in real time at ambient conditions (310 K and 1 bar). The
simulations were run in parallel on a typical Linux commodity cluster.

Analyses of the simulations were performed either visually using
VMD* or numerically using the Python library MDAnalysis* and
Matlab.

2.2. Sample Preparation for AFM. Optically clear, Island Spar
calcite samples were used for this study. The samples were cleaved
with a razor blade and incubated in ~15 mL of the relevant aqueous
solution for more than 24 h before being used so as to allow the
system to equilibrate. All the solutions were made with ultrapure water
(182 QM, <4 ppb organics, Merck-Milipore, Billerica, MA), and each
solution contains only one type of salt, NaCl, CaCl,, or RbCL. In order
to ensure that equilibrium was effectively reached, we measured the
pH of the solution after equilibration and compared with
corresponding theoretical calculations (using the free software
PREEQC). We generally found a good correspondence between the
measured and calculated values although deviations can be found for
certain values. We attribute these errors to the small experimental
volumes, which can make pH measurements challenging. For calcite
equilibrated in ultrapure water, the measured and calculated pH values
were of 8.4 & 0.1 and 8.24, respectively. The pH’s obtained for calcite
equilibrated in solutions containing added salt are summarized in
Table 1.

Table 1. Measured and Calculated pH Values for Calcite
Equilibrated in the Different Salt Solutions Used in This
Study”

NaCl CaCl, RbCl
conc (mM) measd caled measd caled measd
8.0 8.25 8.0 8.05 8.8
S 8.0 8.26 7.80 8.8
10 7.9 8.27 7.6 7.69 8.7
S0 7.9 8.29 8.5
100 8.3 8.31 9.1

“The experimental error for each measurement is typically +0.1. No
calculated pH values are available for calcite in RbCL

The samples were then mounted onto a stainless steel support and
loaded into the AFM. Attention was paid to always keep the surface of
calcite in contact with liquid from the equilibrated solution. More
solution (~150 uL) was added prior to imaging.

When calcite is equilibrated with ultrapure water, the ionic strength
of the resulting solution is typically 1.5 X 107> in normal atmospheric
conditions, mainly due to the presence of dissolved calcium and
carbonate ions in the solution. Although the AFM images obtained in
these conditions (Figure 1B) appear comparable to results achieved in
ultrahigh vacuum,'® the dissolved ions may still play a role in the
imaging and interact with the negatively charged AFM tip.** In order
to avoid any ambiguity in the interpretation of the AFM results derived
in the presence of added salt, we systematically varied the ionic
concentration of the salt so as to identify consistent trends. This
strategy also allows a more robust comparison of the results in the
different salts.

2.3. AFM Measurements. All the measurements were carried out
in liquid with a commercial Multimode Nanoscope ITIA (Digital
Instruments, now Bruker, Santa Barbara, CA) equipped with an
external lock-in amplifier. We used standard silicon nitride cantilevers
(RC800-PSA, Olympus, Japan) with a nominal stiffness k. = 0.76 N/
m. The cantilevers were mounted in a fluid cell and fully immersed
into the liquid for the experiment. The system was allowed to
thermalize at room temperature (24 + 2 °C) for 30—60 min before
acquiring any data so as to minimize drift. The liquid cell was equipped
with an O-ring to limit evaporation of the liquid, and imaging
conditions were routinely kept stable for several hours without need
for liquid to be added to the cell. The AFM was operated in amplitude-
modulation mode (“tapping” in the AFM commercial software) with
free amplitudes A, typically smaller than 1.5 nm and imaging
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amplitudes A so as to keep the set point ratio A/A, as high as possible
(typically A/A, > 0.8). Operated in these conditions, the AFM tip
mostly probes the interfacial liquid interacting with the surface of the
solid, without directly and significantly interacting with the solid
itself£*°%*! The images therefore represent the solvation structure
formed by the water and the adsorbed ions at the surface of the calcite.
The phase images provide an indication about the local solvation free
energy with darker contrasts revealing local maxima.*!

Image analysis was performed using SPIP (Image Metrology,
Denmark). The images were flattened and lightly low-pass filtered.
Amplitude and phase versus distance curves were acquired in each
experiment and subsequently analyzed using routines programmed in
Igor Pro (Wavemetrics, Lake Oswego, OR).

3. RESULTS AND DISCUSSION

3.1. Molecular Dynamics Simulation of lons in
Solution at the Surface of Calcite. One of the major
strengths of MD simulations is the ability to provide insight at
atomic length and time scales simultaneously, making it
possible to follow individual atoms and look at local structures,
such as the calcite—water interface. MD simulations of the
calcite—water system showed a strong ordering of water near
the calcite surface (see Figure 2A), as expected from the
experiments and the literature.” The computed density profiles
(see Figure 2B) perpendicular to the surface correspond well
with comparable X-ray scattering measurements® or other
numerical simulations.'”?#>*

The density of the oxygen atoms of water molecules in the
first and second layer parallel to the calcite surface (see Figure
3A) shows the typical structure observed in AFM experiments
(e.g., Figure 1), including the zigzag structure of the calcite
surface. Although a density profile is not the same as the
topography and phase images obtained from AFM measure-
ments, their resemblance is striking and gives at least qualitative
insight. A more careful examination of Figure 3A reveals two
vertical rows (around 1 and 7 nm) where the zigzag structure is
broken.

A thorough analysis of the trajectory of the simulations
revealed that during the minimization and relaxation of the
crystal structure one carbonate molecule in each of these two
rows spontaneously swapped, subsequently forcing the entire
row to swap as well. The applied barostat imposed during the
remainder of the simulations prevented this from reoccurring.
Although not of direct significance in the present results, the
actual swapping process is nevertheless interesting and deserves
some more detailed analysis in the future, especially in light of
the current debate about the reconstruction of calcite’s
surface.'® In the same figure the inset shows schematically
the location of the sodium ions when closest to the surface:
above the oxygen atoms of carbonate protruding above the
calcium—carbon plane.

The concentration of ions used in the MD simulations is
high (~250 mM) when compared to the experiments. This
strategy was applied in order to get sufficient statistics in the
short time scale of the simulations; a substantial number of ions
are needed to be able to make contact with the calcite—water
interface. Combining the results from all 10 independent runs
for each ion pair allowed for the computation of a clean density
distribution perpendicular to the surface (see Figure 3B). These
density distributions correspond well with previous numerical
simulations of similar systems.”>>* The density distributions
show that neither ion manages to penetrate the final water layer
so as to reach the calcite surface. Sodium gets closest but
remains on top of the first water layer. Calcium ions mostly

dx.doi.org/10.1021/1a3044736 | Langmuir 2013, 29, 2207-2216



Langmuir

Water density profile

5 :
— Hydrogen
n — Oxygen
4
~
3
29
o
=
=
[
= 25
."_;.;
j =
[
a
1k
0 . . . . . .
0 100 200 300 400 500 600 700 800

Distance to Ca in calcite (pm)

Figure 2. (A) Snapshot of the simulated calcite—water interface. The
calcium (orange) and carbonates (red/blue) of the calcite crystal are
visible. The oxygen and the hydrogen of the water molecules are
depicted in red and white, respectively. Ions in solution have been
omitted for clarity. (B) Water density perpendicular to the calcite
surface, with the density for oxygen atoms in red and for hydrogen
atoms in blue. The density is normalized with respect to the density in
the bulk water phase, and the surface calcium atoms are used as a
reference for the distance measurement.

remain outside calcite’s structured water. To clarify these
results, a 2D-density distribution of water perpendicular to the
surface is shown in Figure 4, where the locations of several
arbitrary but representative ions found close to the interface are
indicated as well.

3.2. AFM of Calcite in Sodium Chloride. The (1014)
surface of calcite imaged in the presence of added NaCl is
shown in Figure S. At 1 mM NaCl (see Figure SE) the calcite
surface appears very similar to when imaged in equilibrated
pure water (Figure 1B), with the “row pairing” showing
alternated rows of “prominent” and “sunken” protrusions
attributed to the oxygen atoms along the [421] direction. For
the sake of clarity these terms (“prominent” and “sunken”) will
be used throughout this paper for designating the respective
rows of protruding oxygens when the “row pairing” is visible.
The attribution of the main visible features to oxygen atoms is
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Figure 3. (A) Density distribution for oxygen atoms (H,O) in the first
and second structured layer parallel to the calcite surface. The zigzag
structure ascribable to the calcite surface is indicated as well as the
[010] direction (white arrow). The inset shows schematically sodium
ions closest to the surface being typically located above the nearby
oxygen of the carbonate group. (B) Density profiles (mol/L) for three
different ions (Na*, Ca®*, and CI~) perpendicular to the calcite surface.
The density of the water atoms is given at the bottom for comparison
(see also Figure 2B).

consistent with the surface structure of calcite and compatible
with the MD results as well as with published AFM
literature. '8~

At 5 mM NaCl, the apparent surface of calcite remains
unchanged (not shown). At 10 mM NaCl, the prominent
oxygen rows sometimes appear broader locally (Figure SA, red
arrows), induced by additional protrusions locally appearing on
the surface. These protrusions are however weakly bound to
the surface and can easily be removed by increasing the force
exerted by the AFM tip on the surface (effectively lowering the
imaging set point), recovering the alternated oxygen rows
(Figure SB). The resulting image is then similar to those
obtained at lower salt concentration or in water.

Using gentle scanning conditions, we were able to obtain
higher resolution images of the salt-induced protrusions (Figure
SC, red arrow), showing the occasional adsorption of ~3 A
wide objects adjacent to the prominent oxygen atoms, opposite
the underlying surface calcium ions. We attribute these objects
to hydrated Na* ions, consistent with their location close to
prominent oxygens while remaining as distant as possible from
the surface calcium atoms (Figure SD). This observation is
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Figure 4. Two-dimensional density distribution of the hydrogen (top)
and oxygen (bottom) atoms of water derived from molecular dynamics
simulations. The view is taken perpendicular to the calcite surface, and
the x-direction of the calcite crystal (see Figure 3A) is taken along the
bottom axis. The brighter colors (yellow) represent higher densities
for a given location. A clear multilayered structure is visible (up to
three layers are easily visible). Sites corresponding to high
concentrations of ions (Na*, Ca**, and CI7) are indicated by the
colored circles (orange Ca®*, green Na*, and purple Cl7). Sodium
clearly gets closer to the surface than any of the other ions. The dotted
white line indicates the plane containing the calcium atoms of calcite’s
surface. This plane is used as the origin of distance measurements on
the z-axis.

compatible with MD results apart for a small deviation from the
MD predictions: the AFM results show the hydrated Na*
adjacent to the prominent carbonate oxygen while the MD
simulations show the Na* exactly on top of the oxygen (see
section 3.1 and Figure 2). This small discrepancy can be
explained in two different manners. First, the AFM perturbs the
system during the imaging process. The imaged ion is confined
between the calcite surface and the AFM tip, and the resulting
potential minimum may not necessarily be located exactly on
top of the considered oxygen atom. Na* ions could nevertheless
be occasionally observed forming a single protrusion with the
oxygen atom (see Figure S1). Second, the oxygen row pairing
visible in the AFM may shift the equilibrium position with
respect to the MD simulation where the row pairing is not
visible.

In order to further confirm the presence of adsorbed ions at
10 mM NaCl, we acquired simultaneous amplitude and phase
versus distance curves (spectroscopy) in conditions identical to
those used for imaging. A selection of 10 representative curves
is presented in Figure 6 and compared with the same results
obtained in water. In each case, one curve has been highlighted
in red for discussion purposes. In water, both the amplitude and
phase are very reproducible and the curves show little variation.
In 10 mM NaCl], the curves show a much larger variation with
two distinct populations. The first is very similar to the curves
obtained in water. The second population (red curve in Figure
6) shows a distinctive but poorly reproducible step (white
arrow in Figure 6) visible in both amplitude and phase.

We attribute this step to the presence of adsorbed Na* ions
removed by the tip as it approaches the surface. The poor
reproducibility of the steps comes from the weak adsorption of
the ions to the surface, leading to different trajectories of the tip
as it expels the ions. The ease with which the Na* ions can be
removed suggests that they are not directly adsorbed onto the
calcite surface, but separated by at least one water layer,
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Figure S. Calcite’s (1014) surface imaged in NaCl. The topography
appears in blue, and the phase is shown in the inset in yellow color
scale. The phase images provide an indication of the local interfacial
energy with darker regions corresponding to local energy minima.*"*!
At 1 mM (E), no significant differences can be seen with AFM
observations in water. At 10 mM (A, C) new protrusions appear on
the surface, locally broadening the prominent oxygen rows along the
[010] direction (red arrows). Decreasing the scanning set point (larger
tip—sample pressure) removes the protrusions (B), and the surface
once more appears similar to when imaged in water. (C) Higher
resolution imaging over the protrusions suggests that they are due to
adsorbed Na* ions, located next to the protruding oxygens, opposite
the surface Ca**. (D) Cartoon representation of the presumed location
of adsorbed Na® ions at 10 mM NaCl. Increasing the NaCl
concentrations to 100 mM (F) shows a surface almost covered with
ions (upper part), which can be removed using harsher imaging
conditions (red arrow, lower part). In all images, the white arrow
indicates the [010] direction.

consistent with the idea of a strongly hydrated calcite surface®’
also confirmed by MD simulations (see section 3.1). Hydrated
Na* ions would have to pay an important energy penalty
corresponding to the partial loss and restructuring of their
hydrations shell in order to penetrate calcite’s solvation
structure.”'® We note that no clear contribution from long-
range (>2—3 nm) repulsive electrostatic double-layer forces is
visible in Figure 6 despite working at salt concentrations below
20 mM NaCl. We believe that this can be explained by the
presence of particularly sharp nanometer-size features at the tip
apex. Although beneficial when probing short-range solvation
forces, the net double layer force experienced by these sharp
features is likely to be below our detection threshold.
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Figure 6. Amplitude and phase vs distance curves (10 curves in each
case) obtained in equilibrated ultrapure water and 10 mM NaCl
solution. The curves were acquired immediately after imaging. One
representative curve is highlighted in red in each case.

At 100 mM considerably more protrusions are visible (Figure
SF), and the “row pairing” is less clear, probably due to the
adsorbed ions. Increasing the tip—sample pressure (lower set
point) does still induce a transition (Figure SF, red arrow), but
a direct interpretation becomes more difficult, first because the
surface appears completely covered with ions and CI™ ions may
have to be considered to ensure charge neutrality and second
because the surface charge of the tip may artificially increase the
apparent ionic coverage. This second effect becomes evident in
CaCl, (section 3.4).

3.3. AFM of Calcite in Rubidium Chloride. In order to
further substantiate our findings, we repeated the experiment
with RbCl], a different monovalent salt. The choice of RbCl is
motivated first by the Rb" large size and loose hydration shell. If
verified, the dehydration argument developed for the adsorbed
Na* ions should allow Rb" ions to sit even closer to the calcite’s
surface. Second, AFM results obtained with Rb* ions may
provide a point of comparison for future diffraction experi-
ments where Rb* ions are usually preferred.® The main results
are presented in Figure 7.

At low RbCl concentration (<5 mM) the surface of calcite
appears similar to when observed in equilibrated pure water,
with the paired oxygen rows (Figure S2A). At 10 mM RbCl],
additional protrusions appear on the surface. Their location
coincides with that of Na* ions in NaCl experiments (Figure
7A, red arrows), but the protrusions, attributed to the Rb* ions,
are clearer and better defined. Adsorbed Rb* ions are also more
resistant to the scanning AFM tip, consistent with the
dehydration argument where ions possessing a looser hydration
shell stay closer to the calcite surface.

Similarly to in NaCl, the adsorbed cations can be removed at
low salt concentration when increasing the pressure exerted by
the tip on the imaged surface. Interestingly, the “row pairing” is
not clear anymore (Figure 7A), but the adsorbed Rb* still
appear to follow the pairing by adsorbing only every other
oxygen row along the [010] direction. As the salt concentration
increases, the surface of calcite progressively restructures
dramatically (see Figure S2), achieving a unit cell twice as
large at 100 mM (Figure 7B and Figure S2C,D). A substantial
decrease of the imaging set point (harsher imaging conditions)
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Figure 7. Calcite’s (1014) surface imaged in RbCl The color scales
and image presentations are as for Figure S. At 10 mM (A), additional
protrusions in the unit cell of the calcite crystal are visible along the
[010] direction (red arrows). When increasing the RbCl concen-
tration, the protrusions progressively merge together and a simple
interpretation of the height contrast becomes difficult. At 100 mM (B),
a reconstruction of the surface is visible with a lattice periodicity
doubled in both the [010] and the [421] directions. The white arrow
indicates the [010] direction.

allows the recovery of an apparent “row pairing” (Figure 7B),
but the inter-row dimension is still doubled. The Rb*-induced
single protrusions broaden and merge with that of the
neighboring oxygen, forming a single solvation structure.
Although full interpretation of this dramatic restructuring
may require complementary insight from diffraction techniques,
these results confirm the trend observed in NaCl and support
the idea that hydration effects dominate the energy required for
ions and charged molecules to approach the surface of calcite.

3.4. AFM of Calcite in Calcium Chloride. High
concentrations of calcium can be found in seawater as well as
in certain rivers, prompting us to investigate the surface of
calcite in the presence of CaCl,. Furthermore, when at
equilibrium in water, calcium ions dissolve from the calcite
into the water, typically reaching concentrations of 0.4 mM
under normal atmospheric conditions. Since Ca®" is a divalent
ion, its solvation shell is larger than that of monovalent cations.
Ca’" can therefore be expected to pay a larger energy penalty
for dehydration than Na* and Rb* to reach the surface of
calcite. AFM images of the calcite surface in CaCl, are
presented in Figure 8. At 1 mM CacCl,, the ionic strength of the
solution is higher but still comparable to that naturally present
in ultrapure water after equilibration, and the surface of the
calcite appear similar (Figure 8A).

At 10 mM CaCl,, the calcite surface appears different, with
lines following the crystal lattice instead of distinct surface
atoms that are often no longer visible (Figure 8B,C). Although
the imaged structure is correlated with calcite’s lattice, it is
clearly influenced by the scanning tip; two images acquired
consecutively show different structures (Figure 8B,C). In
Figure 8C, the familiar “row pairing” is recovered toward the
end of the image acquisition (upper part). This result indicates
that the divalent Ca®* ions interact more weakly with the
surface of calcite than the monovalent Na® and Rb* ions,
consistently with a dehydration-dominated interaction (see
sections 3.2 and 3.3). As a result, the AFM tip can easily push
the loosely adsorbed but strongly hydrated Ca** ions as it scans
across the surface. The charge distribution at calcite’s surface
then becomes a guiding potential landscape for the ions, which
tend to follow preferential directions (the lines) when confined
between the tip and the crystal. The negative surface charge of
the SiN tip will also affect divalent Ca®* ions more than
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Figure 8. Calcite’s (1014) surface imaged in CaCl,. The color scales and image presentations are as for Figure S. At 1 mM (A), the surface of calcite
appears similar to the way it appears in water. At 10 mM tip-induced effects become important, and two consecutive AFM images acquired from top
to bottom (B) and bottom to top (C) can look different, although the underlying symmetry is preserved. The full white arrows indicate the [010]
direction, and the large dotted arrows in (B) and (C) indicate the direction of the slow scan axis.

monovalent ions. This suggests that the resulting images can be
seen as maps of calcite surface potential probed by tip-bound
hydrated Ca’* ions.

3.5. General Discussion. The MD observations corre-
spond well overall with the experimental results, especially
when taking into account the difference in hydration shell for
the Na* and Ca’ ions, which were computed from ions
remaining in the bulk water. The coordination numbers of
water molecules (around 6 for Na* and 8 for Ca**) showed a
larger hydration shell for Ca®", which is in line with the fact that
in order to get closer to the calcite—water interface a higher
energy barrier must be overcome. The simulation results also
indicated two highly ordered water layers at a distance of 222
and 330 pm from calcite’s surface calcium atoms. These water
layers prevent the ions in solutions from approaching the
surface over flat areas: the main mechanism, observed
experimentally in this paper, originates from the energy penalty
the ions have to pay due to the removal of their hydration shell
and the breaking of the “ice-like” water layer on the surface of
calcite.'” A second mechanism may also play a role: the
ordering of the water layers creates an alternation of positive
and negative charge excess in the direction perpendicular to the
surface, due to the oxygen and hydrogen atoms of the oriented
water molecules.'® This alternation creates a modulation of the
free energy barrier experienced by ions approaching the surface.
The barrier, observed in simulations studies,'® depends mainly
on the ion charge density. Monovalent cations experience a
lower free energy barrier compared to divalent ions, but the
nature of the considered ions has to be taken into account
when considering the dehydration energy penalty. Our AFM
results suggest that sodium and rubidium ions are favorable in
the interaction with the calcite surface compared to calcium and
can come closer to the surface. Our images also provide
preferential locations for these ions, when close to the calcite
surface. These findings are confirmed by MD simulation in the
case of sodium and calcium. It is important, however, to realize
that these hydration-dominated effects depend strongly on the
interface considered. In the present case, the particular
orientation and ordering of the water molecules close to the
surface of calcite lead to the observed hydration-dominated ion
adsorption. This is related to the specific charge distribution at
the surface of calcite; surfaces with a different local charge
distribution can allow electrostatic interaction to dominate ion
adsorption, despite the presence of ordered water layers. This
is, for example, the case for mica in water.>> Both monovalent
(Li* and Na*) and divalent (Mg®" and Ca’*) ions have been
shown to interact strongly with the surface of mica and could
consequently be imaged with AFM.>
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From the MD simulation results we were able to compute
the residence time of the different ions within a certain distance
from the calcite surface (vertical mobility). The distance was
selected so as to match maxima in the density peak of the
considered type of ion (see Figure 3B). Although the derived
numbers must be considered cautiously, they provide a good
point of comparison for differences in mobility between the
considered ionic species close to calcite’s surface. Calcium ions
reside ~750 ps at their density peak (~550 pm from the
calcium atoms of the calcite surface). Chloride ions reside
around 475 ps at their first density peak (~480 pm from the
calcium atoms of the calcite surface) while the sodium ions
remain for more than S ns at their first density peak (~290 pm
from the calcium atoms of the calcite surface), exceeding the
duration of the entire simulation run. Estimations of the ions
lateral mobility (parallel to the calcite surface) when “trapped”
in the first water layers of the calcite surface were difficult to
derive, but we estimated that the diffusion coeflicient for
sodium ions was decreased by at least a factor 200 with respect
to the bulk value. In the case of calcium ions, the lateral
diftusivity was typically 1 order of magnitude lower than in the
bulk but still 1 order of magnitude bigger than the lateral
diffusivity of sodium ions at their first density peak. These
observations are consistent with the differences observed in the
AFM imaging of the different ions where the possibility to
distinguish single ions seems to be a prerogative of the
monovalent Na* and Rb" ions. Caution should however be
exerted when comparing AFM and the MD results since the
MD simulations presented here do not take into account the
fact that the interfacial liquid is effectively confined between the
calcite surface and the AFM tip under typical imaging
conditions. Recent MD simulation studies have shown that
under confinement the liquid can exhibit substantial changes in
its viscoelastic properties and molecular dynamics®” and induce
ion-specific structures.® The good correspondence between
the trends derived from AFM and the present MD simulations
results suggests that AFM can nevertheless capture the main
features of the “nonconfined” interface. This could be explained
by the AFM having a particularly sharp tip apex, hence limiting
confinement and enhancing resolution.

Our results also bring new insights into the important
problem of electrical double layer (EDL) at the surface of
calcite. This model defines the Stern layer as the plane where
the outer-sphere complexation of “adsorbed” ions is located.
The determination of the thickness of the Stern layer, and
particularly of the plane where the outer-sphere complexation is
assumed to take place, is essential for the modeling of the
EDL.*>”*” Our results show that, depending on the ions
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considered, the position at which the complexation with the
calcite surface takes place varies substantially. The Na* jons are
able to come closer to the surface while Ca** and CI ions stay
further apart. Moreover, the actual vertical mobility of the ionic
species, as discussed in the previous paragraph, is very different,
and we propose this mobility as an important parameter to
consider when the outer-sphere complexation of “adsorbed”
ions has to be determined in the model.

Finally, our results suggest that the ion-specific effects
observed on calcite can be used as a model system to study ion-
specific hydration effects in a more general context. Similar
effects are observed for very different systems such as ion-
specific hydration effects at hydrophobic surfaces.”* The
analysis of interfacial phenomena at the nanoscale often
requires to consider the specifics of hydration and continuum
classical theory may no longer be valid.*

4. CONCLUSION

In this paper we explored the interface between calcite (1014)
and different ionic solutions combining AFM experiments and
MD simulations. We provide the first high-resolution AFM
images of hydrated Na" and Rb* ions adsorbed close to the
(1014) surface of calcite in aqueous solution, away from atomic
steps. The cations preferential adsorption site appears to be
located close to the prominent oxygen atoms of the surface
carbonate groups, opposite the underlying calcium. The surface
of calcite is strongly hydrated, and the approaching ions have to
pay a substantial energy penalty incurred by the loss or
restructuring of their hydration shell when traversing calcite’s
ice-like hydration layers. MD simulation shows that this energy
penalty prevents hydrated ions from directly adsorbing onto the
surface, which always retains at least one undisturbed water
layer. Divalent ions such as Ca*" stay even further from the
surface due to their large hydration shell, thus preventing AFM
imaging from identifying a preferential location for the Ca®" ion
close to the surface. Future high-resolution studies will
concentrate on edge effects where calcite’s solvation structure
is known to break down and where different ions can interact
directly with the surface.***"
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